Sepsis, a life-threatening organ dysfunction caused by infection, is a major public health concern with limited therapeutic options. We provide evidence to support a role for anaplastic lymphoma kinase (ALK), a tumorassociated receptor tyrosine kinase, in the regulation of innate immunity during lethal sepsis. The genetic disruption of ALK expression diminishes the stimulator of interferon genes (STING)-mediated host immune response to cyclic dinucleotides in monocytes and macrophages. Mechanistically, ALK directly interacts with epidermal growth factor receptor (EGFR) to trigger serine-threonine protein kinase AKT phosphorylation and activate interferon regulatory factor 3 (IRF3) and nuclear factor kB (NF-kB) signaling pathways, enabling STING-dependent rigorous inflammatory responses. Moreover, pharmacological or genetic inhibition of the ALK-STING pathway confers protection against lethal endotoxemia and sepsis in mice. The ALK pathway is up-regulated in patients with sepsis. These findings uncover a key role for ALK in modulating the inflammatory signaling pathway and shed light on the development of ALK-targeting therapeutics for lethal systemic inflammatory disorders.
INTRODUCTION
Sepsis is among the most common causes of death in hospitals and one of the most elusive syndromes in medicine (1) . Although the word "sepsis" was first introduced by Hippocrates, clinical criteria for the definition of sepsis and septic shock remain challenging (2) . Sepsis is now defined as life-threatening organ dysfunction due to a dysregulated host response to infection (3) . Pathogenesis of the sepsis syndrome relies critically on the activation of innate immunity by a large family of pattern recognition receptors (PRRs) in response to microbial pathogens, including especially Gram-negative bacilli (Escherichia coli and Pseudomonas aeruginosa) (4). Mechanistically, immune chemicals (cytokines, chemokines, and growth factors) released by various innate immune cells trigger both pro-and anti-inflammatory immune responses, which can lead to organ dysfunction or failure, and even death (5) . In these contexts, pharmacological inhibition of key inflammatory regulators that control the overwhelming immune response could be useful for therapy.
The stimulator of interferon genes (STING) is a transmembrane adaptor protein critically involved in the innate immune response to cyclic dinucleotides (CDNs) that are produced by bacteria or metabolized from double-stranded DNA (dsDNA) by cyclic guanosine monophosphate-adenosine monophosphate (cGAMP) synthase (cGAS) (6) (7) (8) (9) (10) (11) (12) . Impairment of the STING pathway has been associated with the pathogenesis of several human diseases, including infections, inflammatory and autoimmune diseases, and cancers (13) (14) (15) . Structurally, STING forms a complex with the TANK-binding kinase 1 (TBK1) to enable its phosphorylation, which results in activation of both interferon regulatory factor 3 (IRF3) and nuclear factor kB (NF-kB) signaling pathways (16) (17) (18) , leading to the consequent production of type I interferons (IFNs) and other proinflammatory cytokines. Despite substantial investigation of the signaling pathways leading to STING activation, other key regulators of the STING signaling pathway remain to be elucidated.
Here, we screened a library of 464 kinase inhibitors for STINGmodulating capacities and found that some inhibitors specific for anaplastic lymphoma kinase (ALK) displayed the strongest suppression of the STING-mediated type I IFN immune response in macrophages and monocytes. We provide evidence to support a critical role of ALK in the regulation of STING activation in monocytes and macrophages, which contribute to dysregulation of the innate immune response and pathogenesis of experimental and clinical sepsis. The second-generation ALK inhibitor LDK378, a U.S. Food and Drug Administration (FDA)-approved oral anticancer drug, exhibited promising anti-inflammatory activity in animal models of lethal sepsis, and the ALK pathway was up-regulated in patients with sepsis. Our data indicate a paradigm for how host innate immunity is regulated through the ALK signaling pathway in innate immune cells, and suggest that ALK inhibitors could be potential therapeutic agents for lethal systemic inflammatory diseases.
RESULTS

Bioactive compound screening identifies STING modulators
To ensure a timely response to bacteria-derived CDN, an effective innate recognition system consisting of STING and other unknown transmembrane regulators has evolved in mammals (19) . The 3′3′-cGAMP is a type of CDN and serves as a canonical STING ligand to induce the production of type I IFNs (IFNa and IFNb) (20, 21) . To identify other potential endogenous regulators of the STING signaling pathway in innate immune cells, we screened a library of 464 compounds that selectively target 174 signaling molecules in immortalized bone marrow-derived macrophages (iBMDMs) from B6 mice. Each compound was selected on the basis of its ability to principally interact with a single target, leading to minimal off-target activity. We found that 3′3′-cGAMP-induced IFNb release in iBMDMs was changed by several target-selective inhibitors (Fig. 1A) . The top five compounds that promoted the 3′3′-cGAMP-induced IFNb release included lidocaine (a selective inverse peripheral histamine H1 receptor agonist), stavudine [a nucleoside analog reverse transcriptase inhibitor (NARTI) active against HIV], thiazovivin [a novel Rho-associated coiled-coil containing protein kinase (ROCK) inhibitor], AM1241 (a selective cannabinoid CB2 receptor agonist), and AS-252424 [a novel and potent phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit g (PI3Kg) inhibitor] (Fig. 1B) . In contrast, the top five compounds that blocked 3′3′-cGAMP-induced IFNb release in iBMDMs included AZD3463 (a novel orally bioavailable ALK inhibitor), KPT-330 (an orally bioavailable selective exportin-1 inhibitor), KU-60019 [a potent and specific ataxia telangiectasia mutated (ATM) inhibitor], PRT062607 [a novel and highly selective spleen-associated tyrosine kinase (Syk) inhibitor], and LDK378 (an inhibitor against ALK) (Fig. 1B) . These top five bioactive compounds were further tested in primary peritoneal macrophages (pPMs) from B6 mice and human primary peripheral blood mononuclear cells (pPBMCs), which confirmed their inhibitory properties in mouse iBMDMs (Fig. 1C) , mouse pPMs (Fig. 1D) , and human pPBMCs (Fig. 1E) . Although STING plays divergent and stimulus-dependent roles in innate immunity (13-15), a recent study revealed that activation of STING by bacteria accelerated the inflammatory response, organ dysfunction, and death in a mouse model of septic shock (22) . Thus, the STING pathway seems to be a viable target for pharmacologic intervention during bacterial sepsis. After further analysis of the 174 molecular targets, we found that ALK was the top-ranked signaling molecule that promoted 3′3′-cGAMPinduced STING activation, based on IFNb release from iBMDMs (Fig. 1F) . Together, these findings suggest that ALK is a possible key modulator of STING activation during bacterial infections.
Pharmacologic inhibition of ALK blocks STING activation
As secretory cells, monocytes and macrophages are vital to the regulation of immune responses and the development of inflammation (23) . However, little information is available concerning the expression and activity of ALK in innate immune cells. We observed that ALK was abundantly expressed in primary or immortalized monocytes and macrophages (iBMDMs, pPMs, and pPBMCs; RAW264.7, J774A.1, and THP1 cells) from mice or humans ( fig. S1A ). Functionally, all three ALK inhibitors (AZD3463, LDK378, and AP26113) from a target-selective inhibitory library diminished 3′3′-cGAMP-induced IFNb release in iBMDMs ( fig. S1B ). With respect to the tumor-killing activity of ALK inhibitors (24), we addressed whether AZD3463, LDK378, and AP26113 inhibit STING activation in macrophages through triggering cell death. AZD3463 exhibited cytotoxicity against iBMDMs, pPMs, and RAW264.7 and THP1 cells ( fig. S1C ). In contrast, LDK378 and AP26113 did not affect cell viability in these cells ( fig. S1C ), suggesting that the suppressive effect of LDK378 and AP26113 on STING activation in innate immune cells was not dependent on their cytotoxic capacities. In addition to 3′3′-cGAMP, a number of natural or enzymatically synthesized STING ligands [2′3′-cGAMP, 2′2′-cGAMP, cyclic dimeric adenosine monophosphate (c-di-AMP), cyclic dimeric guanosine monophosphate (c-di-GMP), cyclic dimeric inosine monophosphate (c-di-IMP), and 5,6-dimethylxanthenone-4-acetic acid (DMXAA)] with different structures also induce type I IFNs (8, 20, 25, 26) . Both LDK378 and AP26113 inhibited IFNb release induced by these different STING ligands in iBMDMs (Fig. 2, A and B) , RAW264.7 cells (Fig. 2B and  fig. S2A ), J774A.1 cells (Fig. 2B and fig. S2B ), THP1 cells ( Fig. 2B and fig. S2C ), or pPMs ( Fig. 2B and fig. S2D ). Notably, only DMXAA (also known as vadimezan or ASA404) targets the STING pathway in a mouse-specific manner ( fig. S2C ) (27, 28) . Consistent with their inhibition of IFNb protein release, pharmacologic inhibition of ALK by LDK378 and AP26113 also resulted in the attenuation of STING ligand-induced IFNb mRNA expression in iBMDMs (Fig. 2 , C and D), RAW264.7 cells (Fig. 2D and fig. S2E ), J774A.1 cells (Fig. 2D and  fig. S2F ), THP1 cells ( Fig. 2D and fig. S2G ), or pPMs ( Fig. 2D and  fig. S2H ). Thus, ALK seems to play an important role in the regulation of STING pathway activation in response to a wide array of STING ligands. A common event in STING activation by different ligands is the phosphorylation of TBK1 (p-TBK1) (16) . We therefore examined the effect of ALK inhibition on the expression and phosphorylation of TBK1. Both LDK378 and AP26113 time-dependently reduced 3′3′-cGAMP-induced p-TBK1, but not total TBK1, in iBMDMs ( Fig. 2E ) and J774A.1 (Fig. 2F ), RAW264.7 ( fig. S3A ), and THP1 ( fig. S3B ) cells. Similar to 3′3′-cGAMP, LDK378 and AP26113 also inhibited c-di-AMP-or DMXAA-induced p-TBK1, but not total TBK1, in iBMDMs ( Fig. 2G ) and J774A.1 (Fig. 2H ), RAW264.7 ( fig. S3C ), and THP1 ( fig. S3D ) cells. Direct downstream targets of p-TBK1 include phosphorylation of IRF3 (p-IRF3) and NF-kB (p-p65) (16) (17) (18) . Both LDK378 and AP26113 also inhibited 3′3′-cGAMP-, c-di-AMP-, and DMXAA-induced p-IRF3 and p-p65 in iBMDMs (Fig. 2 , E and G) and J774A.1 (Fig. 2, F and H 
Genetic inhibition of ALK limits STING activation
Because pharmacological inhibitors often have undesirable off-target effects, we thus determined whether ALK gene knockdown has a similar impact on STING activation. We generated stable ALK knockdown macrophages using two different specific short hairpin RNAs (shRNAs) and achieved 85 to 95% ALK knockdown after antibiotic selection in iBMDMs (Fig. 3A) and RAW264.7 ( fig. S4A ), J774A.1 ( fig. S4A ), and THP1 ( fig. S4A ) cells, as confirmed using Western blot analysis.
As aforementioned, different ALK inhibitors exhibit divergent impacts on macrophage cell viabilities. To assess this behavior, we carefully analyzed cell morphology, cell viability, and cell proliferation with or without STING ligand (3′3′-cGAMP and c-di-AMP) treatment in ALK knockdown iBMDMs. Like control shRNA cells, these ALK knockdown iBMDM cell lines were not associated with a change in cell morphology (Fig. 3B ), cell viability (Fig. 3C) , and cell cycle (Fig. 3D ) after treatment with 3′3′-cGAMP and c-di-AMP, suggesting that ALK depletion may not lead to macrophage death upon STING activation. Similar to pharmacological ALK inhibition, genetic inhibition of ALK by shRNA also attenuated STING ligand (3′3′-cGAMP, 2′3′-cGAMP, 2′2′-cGAMP, c-di-AMP, c-di-GMP, c-di-IMP, and DMXAA)-induced IFNb expression and release in iBMDMs (Fig. 3 , E to H) and RAW264.7 (Fig. 3, G and H, and fig. S4 , B and C), J774A.1 (Fig. 3, G and H, and fig. S4 , D and E), and THP1 (Fig. 3, G  and H, and fig. S4 , F and G) cells, indicating that ALK expression is required for STING activation. To corroborate these findings, we further examined protein phosphorylation of key STING signaling molecules in ALK knockdown and control cells. Consistent with pharmacologic inhibition of ALK by LDK378 and AP26113, genetic suppression of ALK expression also reduced 3′3′-cGAMP-, c-di-AMP-, and DMXAA-induced p-TBK1, p-IRF3, and p-p65 in iBMDMs (Fig. 3I ) and RAW264.7 ( fig. S4H ), J774A.1 ( fig. S4I ), and THP1 ( fig. S4J ) cells. These data strongly support ALK as an important regulator of activation of the STING signaling pathway.
ALK-EGFR-AKT pathway promotes STING activation
It has been suggested that the phosphorylation of ALK (p-ALK) at Tyr 1078 is required for its activation in tumor cells (29) . To determine whether ALK is similarly phosphorylated by STING ligands in innate immune cells, we analyzed the expression of p-ALK and ALK in iBMDMs and RAW264.7 and THP1 cells after STING activation. Expression of p-ALK (but not total ALK) was enhanced in these cells by 3′3′-cGAMP, c-di-AMP, and DMXAA (Fig. 4A) , suggesting that ALK is possibly activated by a wide array of STING ligands.
To elucidate the possible role of ALK in the regulation of the STING signaling pathway, we tested whether ALK promotes the phosphorylation of core components of the STING pathway (STING, TBK1, and cGAS) through protein-protein interaction using coimmunoprecipitation techniques. We did not observe a direct interaction between ALK and these cytosolic signaling molecules in iBMDMs ( fig. S5A) (30) or the ribosomal protein S6 kinase ( fig. S5 , A to C) (31) . These findings suggest that ALK-mediated STING activation may not be dependent on direct binding to known cytosolic regulators of the STING pathway in macrophages and monocytes.
It is still possible that ALK, a member of the receptor tyrosine kinases (RTKs), may interact with other RTKs in the cell surface to mediate signal transduction into the cytoplasm under STING activation. To test this possibility, we used a proteome profiler antibody array to survey the phosphorylation of 49 RTKs in iBMDMs after stimulation with 3′3′-cGAMP or c-di-AMP. The phosphorylation of certain RTKs was changed by exposure to 3′3′-cGAMP and c-di-AMP ( Fig. 4B and  fig. S6 ). Among them, the phosphorylation of epidermal growth factor receptor (EGFR) was up-regulated by 3′3′-cGAMP and c-di-AMP ( Fig. 4C and fig. S6 ), whereas LDK378 or knockdown of ALK impaired the STING ligand-induced up-regulated phosphorylation of various RTKs, including EGFR, in iBMDMs ( Fig. 4C and fig. S6 ). These data Ctrl shRNA ALK shRNA (1) ALK shRNA (2) -- 
Phosphorylation levels (vs. untreated group) suggest that RTK phosphorylation might be widely implicated in the STING pathway.
Previous observation demonstrated that the interplay between ALK and EGFR coordinately regulates AKT phosphorylation to promote tumor growth (32, 33) . We therefore tested whether the ALK-EGFR-AKT pathway is also a critical driver of STING activation in innate immune cells. First, the interaction between ALK and EGFR was found to be increased in iBMDMs (Fig. 4D) and THP1 cells (fig. S7 ) after treatment with 3′3′-cGAMP or c-di-AMP but was reduced by inhibitors specific for both ALK (LDK378) and EGFR (OSI-420) (Fig. 4D and fig. S7 ). Second, these ALK (LDK378) and EGFR (OSI-420) inhibitors also attenuated the 3′3′-cGAMP-or c-di-AMP-induced phosphorylation of ALK, EGFR, and AKT in iBMDMs (Fig. 4E ) and RAW264.7 ( fig. S8A) and THP1 (fig. S8B ) cells. In contrast, the pan-AKT inhibitor GDC-0068 only blocked the phosphorylation of AKT, but not ALK or EGFR, in activated iBMDMs (Fig. 4E) and RAW264.7 (fig. S8A ) and THP1 ( fig. S8B ) cells. Third, all inhibitors (LDK378, OSI-420, and GDC-0068) similarly diminished the STING ligand-induced phosphorylation of TBK1, IRF3, and p65 in iBMDMs (Fig. 4E ) and RAW264.7 ( fig. S8A ) and THP1 ( fig. S8B ) cells. Fourth, the ability of EGFR and AKT to promote the phosphorylation of TBK1, IRF3, and p65 was similarly impaired by stable genetic knockdown of EGFR via two different shRNAs in iBMDMs (Fig. 4, F S10, E and F) . Together, these data indicate that the interplay between ALK and EGFR contributes to the AKTdependent STING activation in macrophages and monocytes.
ALK and STING regulate immune chemical release
The production and release of various immune chemicals such as cytokines, chemokines, and growth factors, as well as damage-associated molecular patterns, are generally considered a final effector during an immune response. Several clinical studies have suggested that immune chemical profiles, especially cytokines, are markers of disease severity, prognosis, and potential future therapeutic targets in patients with sepsis (34) (35) (36) . Thus, to correlate symptoms with different phases of sepsis, it is important to survey the profile of multiple cytokines (37) .
Like bacteria-derived CDN, lipopolysaccharide (LPS), the major component of the outer membrane of Gram-negative bacteria, is also a critical pathogen-associated molecular pattern (PAMP) involved in the pathogenesis of sepsis (38) . Using a proteome profiler antibody array of 111 immune chemicals, we observed that stimulation with 3′3′-cGAMP, c-di-AMP, or LPS led to the release of different proteins from iBMDMs ( Fig. 5A and fig. S11A ). For example, all three stimuli induced the release of TNFa (tumor necrosis factor-a), IL-6, and serpin E1/PAI-1 (plasminogen activator inhibitor-1) (Fig. 5B) , whereas only 3′3′-cGAMP and c-di-AMP markedly increased E-selectin release (Fig. 5B) . In contrast, both 3′3′-cGAMP and LPS up-regulated the release of P-selectin and resistin (Fig. 5B) , and only c-di-AMP or LPS enhanced the release of GDF-15 and CXCL10 (Fig. 5B) . Collectively, these findings support the notion that different PAMPs might cause the release of different immune chemicals during innate immunity activation.
Given that signal transduction elements interact through complex biochemically related networks, we next sought to identify the overlapping and distinct immune effects of ALK and STING on immune chemical release in response to 3′3′-cGAMP, c-di-AMP, or LPS (Fig. 5A and fig. S11A ). The knockdown of ALK and STING impaired the release of CRP (complement-reactive protein), IL-2, IL-3, C5a (complement component 5a), ICAM1 (intercellular adhesion molecule 1), coagulation factor III, chitinase 3-like 1, and MMP9 (matrix metalloproteinase 9) (Fig. 5C) . Notably, most of these ALT (alanine aminotransferase)-and STING-related common immune chemicals play important roles in mediating sepsis-associated disseminated intravascular coagulation and thromboembolic disease. In addition, the expression profiling assays also revealed that ALK and STING occupied distinct roles in the regulation of most chemokines released in activated iBMDMs (Fig. 5C ), suggesting that other unknown signaling molecules or feedback loops may also contribute to the regulation of different chemokines. LPS also has the ability to activate TBK1 to coordinate the activation of the IRF3 and NF-kB pathway in immune cells (39, 40) . LDK378 also inhibited the LPS-induced phosphorylation of TBK1, IRF3, and p65 ( fig. S11B ) as well as IFNb release ( fig. S11C ) in iBMDMs. These findings indicate that ALK contributes to LPS-induced activation of the TBK1-IRF3-NF-kB pathway in macrophages.
Inhibition of the ALK-STING pathway protects mice against septic death
One ultimate aim is to evaluate the therapeutic potential of ALK-STING pathway-targeting agents in sepsis and septic shock in vivo. Over the years, multiple animal models of sepsis have been developed, of which the cecal ligation and puncture (CLP) model is the most relevant to clinical sepsis (41, 42) . To determine the effect of the ALK inhibitor LDK378 on polymicrobial sepsis, B6 mice were subjected to CLP with 22-gauge syringe needles (Fig. 6A) . Repetitive administration of LDK378 [20 mg/kg, intraperitoneally (ip)] 2, 24, 48, and 72 hours after the onset of CLP conferred protection against lethality (Fig. 6B) , which was associated with reduced injury in the lung, small intestine, and other tissues (Fig. 6C and fig. S12 ). For instance, septic lungs showed alveolar septal wall thickening, increase in leukocyte infiltrates, and alveolar congestion and edema, whereas septic intestines exhibited signs of injury characterized by the loss of goblet cells and loss of villi (Fig. 6C) . These CLP-induced pathological changes were attenuated by LDK378 administration in septic mice (Fig. 6C) . Biochemical measurement of tissue enzymes also revealed protective effects of LDK378 against dysfunction of the heart [creatine kinase (CK)], pancreas [amylase (AMYL)], kidney [blood urea nitrogen (BUN)], and liver (ALT) (Fig. 6D) . Moreover, LDK378 administration reduced CLP-induced TNFa, IFNb, MCP1 (monocyte chemoattractant protein-1), and IL-7 mRNA expression (Fig. 6E) and systemic release and accumulation in the serum (Fig. 6, F and G, and fig. S13 ). In an animal model of lethal endotoxemia (LPS, 10 mg/kg, ip) (Fig. 7A) , LDK378 promoted similar protection against endotoxemic lethality (Fig. 7B) , endotoxemiainduced tissue injury (Fig. 7C and fig. S14 ), organ dysfunction (Fig. 7D) , and proinflammatory cytokine expression (Fig. 7E) and release (Fig. 7, F and G, and fig. S15 ). Thus, LDK378 protects mice against polymicrobial sepsis and lethal endotoxemia.
We next sought to test whether STING −/− mice are more resistant to polymicrobial sepsis and lethal endotoxemia. Like pharmacologic inhibition of ALK by LDK378, genetic STING depletion reduced animal death in both polymicrobial sepsis (Fig. 6B) and lethal endotoxemia models (Fig. 7B) , which was associated with attenuated tissue injury such as tissue destruction, necrosis, and leukocyte infiltration (Figs. 6C and 7C), organ dysfunction (Figs. 6D and 7D) , and proinflammatory cytokine expression (Figs. 6E and 7E) and release (Figs. 6, F and G, and 7, F and G). Collectively, these in vivo data agree with the in vitro data obtained in macrophages and monocytes and suggest that activation of the ALK-STING pathway mediates the pathophysiology of sepsis and septic shock.
It is possible that the ALK-STING pathway may still be needed to instill effective innate immunity against pathogens in response to mild or sublethal infections. During severe or lethal infections, the dysregulated overactivation of the ALK-STING pathway may tilt the balance toward promoting overzealous inflammatory responses that may contribute to the pathogenesis of sepsis. To determine whether the ALK-STING pathway's contribution to mouse sepsis depends on the severity of the disease model, B6 mice were subjected to CLP with syringe needles with gauges ranging from 17 to 27. Increasing the needle thickness decreased the percent survival from 86.66% (using a 27-gauge needle, "low-grade sepsis") to 41.17% (using a 22-gauge needle, "middle-grade sepsis") to 0% (using a 17-gauge needle, "high-grade sepsis"). Treatment with LDK378 prolonged animal survival in low-, middle-, and high-grade sepsis models ( fig. S16 , A to C). In contrast, STING-deficient mice had prolonged survival only in highand middle-grade sepsis models ( fig. S16 , B and C), suggesting that the STING signaling pathway might still be needed for the host to instill an appropriate innate immunity against pathogens in response to mild and sublethal infections. Notably, LDK378 conferred further protection to STING-deficient mice in response to high-grade sepsis ( fig. S16C ), indicating that ALK and STING have both overlapping and distinct functions in septic death. Genetic or pharmacologic inhibition of ALK or STING also led to changes in the release of overlapping and distinct immune chemicals in response to CDN, LPS, or CLP in vitro or in vivo (Figs. 5, 6 , F and G, and 7, F and G). groups compared with control group included EGF, CD14, CXCL1, endoglin, and CCL22. High-resolution images related to (C), (F), and (G) are shown in figs. S14 and S15.
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ALK-STING pathway is changed in human sepsis
Although the murine endotoxemia and CLP models mimic many features of human sepsis, the translation of findings and inferences from these animal sepsis models to human sepsis remains a challenge (41, 42) . Thus, we next determined whether the ALK-STING pathway is similarly altered in the PBMCs of patients with sepsis. Compared with a healthy control group, the mRNA expression of ALK, EGFR, STING, TBK1, and IRF3 in PBMCs was increased in the sepsis group (Fig. 8,  A and B) . Moreover, the expression of total and phosphorylated ALK, EGFR, STING, TBK1, and IRF3 proteins was also increased in the sepsis group (Fig. 8C) , indicating an overall activation of ALK-STING signaling pathways during human sepsis. These findings further support a potential pathogenic role of the ALK-STING pathway in human sepsis.
DISCUSSION
The innate immune system constitutes the first line of defense against pathogen invasion. However, insufficient, excessive, or poorly controlled activation of PRRs can cause an imbalance in the inflammation-immune network, leading to sepsis, septic shock, and ultimately death. The elucidation of this complex network can shed light on critical pathways and key molecules driving sepsis progression. We provide evidence to support ALK as a regulator of innate immune STING activation that contributes to the pathogenesis of microbial sepsis ( fig. S17) . Genetic or pharmacological inhibition of the ALK-STING signaling pathway corrected excessive host response to infection and rendered mice more resistant to sepsis and septic shock, supporting the therapeutic potential of ALK inhibitors in the treatment of human sepsis. ALK, a tyrosine kinase receptor belonging to the insulin receptor superfamily, was originally discovered as a fusion protein with nucleophosmin in anaplastic, largecell non-Hodgkin's lymphoma in 1994 (43) . Various alterations in the ALK gene or protein have been implicated in human cancer tumorigenesis, especially in nonsmall-cell lung cancer (NSCLC) (44) . In cancercells,ALKinitiatesseveralsignaltransductionpathways[Januskinase(JAK)-signal transducer and activator of transcription 3 (STAT3), EGFR-AKT, and RAS-mitogenactivated protein kinase (MAPK)] involved in cell proliferation and transformation (44) . In normal healthy tissues, the expressionofALKisrelativelylow,withtheexception of the nervous system (45, 46) . Despite this, global knockout of ALK in mice does not cause serious behavioral phenotypes, which hinders our understanding of ALK's physiological role in mammals (47, 48) . Here, we demonstrated that ALK is abundantly expressed in innate immune cells (monocytes and macrophages) and instigates proinflammatory responses to PAMPs, including DNAs, during lethal infection. This may partly explain why ALK-positive cancer patients have an increased risk of developing infections (49) .
Clinically, patients with sepsis frequently have elevated circulating DNA from invading pathogens or damaged host cells, which is often associated with poor outcomes (50) (51) (52) . Although the underlying causes remain elusive, it has been suggested that the inability to efficiently eliminate DNA or abnormal DNA-sensing pathways contributes to dysregulated systemic inflammation in sepsis. Almost two decades ago, STING was suggested as a key adaptor protein for most DNA-sensing signaling pathways (6, 10) . Our present study has established the critical involvement of another transmembrane tyrosine kinase, ALK, in the STING-dependent innate recognition of microbial DNA during sepsis. In septic patients, we found that the expression of ALK and STING is increased in circulating PBMCs. Thus, pharmacologically blocking the ALK-STING signaling pathway may therapeutically modulate the DNA-induced excessive inflammation response in sepsis.
Bacterial CDN has long been shown to gain access to the inside of innate immune cells and directly bind cytosolic STING to initiate IRF3-and NF-kB-dependent immune responses (8, 20) . Host self-DNA passively released by injured cells can also enter and accumulate in the cytoplasm of innate immune cells to bind and activate STING (53) . Here, we provided evidence for an alternative transmembrane receptor-dependent pathway, by which extracellular DNA activates STING through transmembrane ALK/EGFR-dependent mechanisms ( fig. S17 ). Our finding supports the notion that cell surface receptors can mediate extracellular DNA activity in inflammation and immune response (54, 55) . We propose that various types of STING ligands trigger ALK/EGFR interaction and activation (phosphorylation), leading to subsequent AKT phosphorylation and consequent activation of the cytosolic STING pathway. We did not observe direct interaction between ALK and STING or its downstream signaling components (TBK1, cGAS, TRIF, and S6), suggesting that ALK is likely not a direct adaptor for cytosolic STING. Given the possible interaction between EGFR, AKT, TBK1 and IRF3 (56, 57) , it will be important to determine whether the ALK/EGFR complex could recruit TBK1, IRF3, or AKT to trigger their phosphorylation and activation, thereby activating the STING and TRIF pathways. Previous studies have established the involvement of AKT in the positive regulation of the STING signaling pathway and IFNb production (58, 59) , although a recent study suggested a negative regulatory role of AKT in the regulation of STING signaling pathways during viral infection (60). It is not yet known whether AKT divergently regulates STING activation during viral and bacterial infections. Nevertheless, it has been suggested that STING occupies different roles in innate immune responses to viral versus bacterial infections (13) (14) (15) , supporting the notion that innate immune cells can distinguish between viral and bacterial pathogens to mount a divergent immune responses (61) . Regardless, phosphorylation of STING has been considered an essential and conserved mechanism of innate immune activation to both viral and bacterial infections (16, 62, 63) , which now appears to depend on ALK activation.
During the last few decades, numerous phase 3 clinical trials of single-target therapies have failed to show efficacy in the clinical management of human sepsis. For complex systemic inflammatory syndromes, it is difficult to translate successful animal studies into clinical applications, partly because of the pitfalls in the selection of nonfeasible therapeutic targets or nonrealistic clinical outcome measures such as survival rates. However, the investigation of pathogenic cytokines in animal models of diseases has led to the development of successful cytokine-targeting therapeutic strategies for autoimmune diseases like rheumatoid arthritis, such as the chimeric anti-TNF monoclonal antibody infliximab and the soluble TNF receptor-Fc fusion protein etanercept (64, 65) . Here, we demonstrated that LDK378, an ALK inhibitor also known as ceritinib, FDA-approved for the treatment of metastatic ALK-positive NSCLC (66), conferred significant protection against both lethal endotoxemia and sepsis in mice. Because LDK378 also inhibited LPS-induced phosphorylation of TBK1, IRF3, and p65 of NF-kB, and conferred further protection against both low-and high-grade sepsis, it is possible that LDK378 confers protection against lethal sepsis potentially via inhibiting both TRIF and STING pathways. With its well-defined pharmacokinetics, safety profile, and tolerability in cancer patients (66) , it is possible and important to explore its therapeutic potential for the treatment of human sepsis.
In summary, we have revealed a role for ALK in regulating the STING-mediated innate immune response and provided a potential ALK-targeting strategy for the clinical management of sepsis. Activation of the STING pathway by ALK may be a crucial step for its immunological activity and may contribute to the pathogenesis of sepsis and septic shock. Inhibition of ALK and STING led to divergent changes of immune chemical expression profiles, suggesting that nonoverlapping functions of ALK and STING exist in innate immune responses. ALK regulated both bacterial CDN-and LPS-induced macrophage activation in vitro, and ALK inhibition increased septic animal survival in STINGdeficient mice in vivo. The underlying molecular mechanism responsible for the immune functional differences between ALK and STING awaits further investigation.
MATERIALS AND METHODS
Study design
The objective of our study was to identify potential drugs targeting the STING pathway for the treatment of sepsis. Through a kinase inhibitor library screen, we identified ALK inhibitors as the top inhibitors for STING activation in monocytes and macrophages. We next defined the molecular mechanism by which ALK promotes STING activation through EGFR and AKT. We also evaluated the efficacy of ALK-targeting strategies for the management of polymicrobial sepsis and lethal endotoxemia in mice. Finally, we determined whether the ALK-STING pathway is similarly altered in the PBMCs of patients with sepsis. In all experiments, animals were randomized to different treatment groups without blinding. Sample size in experiments was specified in each figure legend. We did not exclude samples or animals. For every figure, statistical tests are justified as appropriate. All data meet the assumptions of the tests. No statistical methods were used to predetermine sample sizes, but our sample sizes are similar to those generally used in the field. All reagent sources are listed in table S1.
Animal models of endotoxemia and sepsis C57BL/6J wild-type mice (#000664) and STING −/− mice [strain name: B6(cg)-Tmem173 tm1.2Camb gt/J, #017537] were purchased from the Jackson Laboratory. All mice were maintained in the University of Pittsburgh animal care facility. Mice were housed with their littermates in groups of four animals per cage and kept on a regular 12-hour light and dark cycle (7:00 to 19:00 light period). Food and water were available ad libitum. Experiments were carried out under pathogen-free conditions, and the health status of mouse lines was routinely checked by veterinary staff. Experiments were carried out with randomly chosen littermates of the same sex and matched age and body weight. We conducted all animal care and experimentation in accordance with the Association for Assessment and Accreditation of Laboratory Animal Care guidelines (www.aaalac.org) and with approval from the University of Pittsburgh Institutional Animal Care and Use Committees. CLP model Sepsis was induced in male or female C57BL/6J mice (8 to 10 weeks old, 22 to 26 g) using a surgical procedure as previously described (67) . Briefly, anesthesia was induced with ketamine (80 to 100 mg/kg, ip) and xylazine (10 to 12.5 mg/kg, ip). A small midline abdominal incision was made, and the cecum was exteriorized and ligated with 4-0 silk immediately distal to the ileocecal valve without causing intestinal obstruction. The cecum was then punctured twice with a 17-to 27-gauge needle. The abdomen was closed in two layers, and mice were injected subcutaneously with 1 ml of Ringer's solution including analgesia (buprenorphine, 0.05 mg/kg). LDK378 (20 mg/kg) was dissolved in vehicle [10% dimethyl sulfoxide, 20% cremophor/ethanol (3:1), and 70% phosphate-buffered saline (PBS)] and repeatedly administered orally to mice at 2, 24, 48, and 72 hours after CLP.
Endotoxemia model LPS (E. coli 0111:B4, 10 mg/kg, #L4391, Sigma) was dissolved in PBS. Male or female C57BL/6J mice (8 to 10 weeks old, 22 to 26 g) received a single oral dose of LDK378 (20 mg/kg) or vehicle and then an infusion of LPS (10 mg/kg, ip) 60 min later. Mice were retreated with LDK378 or vehicle 6, 12, and 24 hours after LPS infusion.
Patient samples
PBMCs from patients with sepsis (n = 16) and healthy controls (n = 16) were collected from Daping Hospital and Xiangya Hospital. Collection of samples was approved by the Institutional Review Board. Sepsis was identified according to The Third International Consensus Definitions for Sepsis and Septic Shock (Sepsis-3) (3).
Cell culture iBMDMs (a gift from K. Fitzgerald at University of Massachusetts Medical School), murine macrophage-like RAW264.7 [American Type Culture Collection (ATCC), #TIB-71], murine J774A.1 (ATCC, #TIB-67), and human monocytic THP1 cell lines (ATCC, #TIB-202) were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum (FBS) and 1× penicillinstreptomycin. Human PBMCs were purchased from Lifeline Cell Technology (#1207). Macrophages/monocytes were maintained in a 5% CO 2 incubator at 37°C. All cells were mycoplasma-free and authenticated with short tandem repeat DNA profiling analysis.
Mouse pPMs were isolated from C57BL/6J mice as previously described (68) . In brief, 8-week-old female or male C57BL/6J mice were injected with 3.0% thioglycollate medium (2 ml per mouse) into the peritoneum. Three days after injection, mice were sacrificed and injected with 3 ml of 0.05% EDTA-PBS into the peritoneum to harvest peritoneal macrophages. Collected cells were centrifuged at 1000 rpm for 5 min at 4°C, and the cell pellet was washed with PBS and centrifuged again. The cell pellet was then suspended in Dulbecco's modified Eagle's medium supplemented with 10% FBS and 1× penicillin-streptomycin and cultured in a culture dish.
Immunoblotting and immunoprecipitation
For immunoblotting, cells were lysed in cell lysis buffer (#9803, Cell Signaling Technology) with protease inhibitor cocktail (Promega), phosphatase inhibitor cocktail (Sigma), and 1 mM Na 3 VO 4 (69) . Cleared lysates were resolved by SDS-PAGE (polyacrylamide gel electrophoresis; #3450124, Bio-Rad) and then transferred onto polyvinylidene difluoride membranes (#1704273, Bio-Rad). The membranes were blocked with tris-buffered saline Tween 20 (TBST) containing 5% skim milk for 1 hour at room temperature and then incubated with the indicated primary antibodies (1:1000 to 1:5000) overnight at 4°C. After being washed with TBST, the membranes were incubated with a horseradish peroxidase (HRP)-linked anti-mouse immunoglobulin G (IgG) secondary antibody (#7076, Cell Signaling Technology) or HRP-linked anti-rabbit IgG secondary antibody (#7074, Cell Signaling Technology) for 1 hour at room temperature. The membranes were washed three times in TBST and then visualized and analyzed with a ChemiDoc Touch Imaging System (#1708370, Bio-Rad). The intensities of bands were analyzed with Image Lab software.
For immunoprecipitation, cells were lysed at 4°C in ice-cold modified radioimmunoprecipitation lysis buffer (#9806, Cell Signaling Technology), and cell lysates were cleared by centrifugation (12,000g, 10 min). Concentrations of proteins in the supernatant were determined by bicinchoninic acid assay. Before immunoprecipitation, samples containing equal amounts of proteins were precleared with protein A/G agarose/Sepharose beads (#20423, Thermo Fisher Scientific Inc.) (4°C, 3 hours) and subsequently incubated with various irrelevant IgG or anti-ALK (#ab190934, Abcam) or anti-EGFR antibodies (#2232S, Cell Signaling Technology) in the presence of protein A/G agarose/Sepharose beads overnight at 4°C with gentle shaking. After incubation, agarose/Sepharose beads were washed extensively with PBS, and proteins were eluted by boiling in 2× SDS sample buffer before SDS-PAGE electrophoresis.
The antibodies to p-STING (#85735; 1:1000), STING (#13647; 1:1000), p-TBK1/NAK (#S172; 1:1000) (#5483; 1:1000), TBK1/NAK (#3504; 1:1000), IRF3 (#4962; 1:1000), p-IRF3 (S396; #4947S; 1:1000), p-p65 (S536; #3033P; 1:1000), p-EGFR (Y1068; #3777T; 1:1000), EGFR (#2232; 1:1000), p-AKT (S473; #4060; 1:1000), and S6 (#2317; 1:1000) were obtained from Cell Signaling Technology. The antibody to p-ALK (Y1057; #ab192809; 1:1000) was obtained from Abcam. The antibody to ALK (#sc-398791; 1:100) was obtained from Santa Cruz Biotechnology. The antibody to TRIF (#A01872; 1:500) was obtained from Boster.
Statistical analysis
Data are expressed as means ± SD. Unpaired Student's t tests were used to compare the means of two groups. One-way ANOVA was used for comparison among the different groups. When ANOVA was significant, post hoc testing of differences between groups was performed using the LSD test. The Kaplan-Meier method was used to compare differences in mortality rates between groups. A P value of <0.05 was considered statistically significant. Individual subject-level data are shown in table S2.
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